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Abstract: It has been frequently reported that cell viability on stainless steels
is improved by increasing their corrosion resistance. The question that arises
is whether human cell viability is always directly related to corrosion
resistance in these biostable alloys. In this work, the microstructure and in
vitro corrosion behavior of a new class of medical-grade stainless steels were
correlated with adult human mesenchymal stem cell viability. The samples
were produced by a powder metallurgy route, consisting of mechanical
alloying and liquid-phase sintering with a sintering aid of a eutectic Mn–Si
alloy at 1050 °C for 30 and 60 min, leading to nanostructures. In accordance
with transmission electron microscopic studies, the additive particles for the
sintering time of 30 min were not completely melted. Electrochemical
impedance spectroscopic experiments suggested the higher corrosion
resistance for the sample sintered for 60 min; however, a better cell viability
on the surface of the less corrosion-resistant sample was unexpectedly found.
This behavior is explained by considering the higher ion release rate of the
Mn–Si additive material, as preferred sites to corrosion attack based on
scanning electron microscopic observations, which is advantageous to the
cells in vitro. In conclusion, cell viability is not always directly related to
corrosion resistance in stainless steels. Typically, the introduction of
biodegradable and biocompatible phases to biostable alloys, which are
conventionally anticipated to be corrosion-resistant, can be advantageous to
human cell responses similar to biodegradable metals.
Keywords: Nanostructures, Medical-grade stainless steels, Corrosion, Stem
cell viability

1. Introduction
One of the main requirements for any biomaterial is
biocompatibility, the term which refers to a collection of interactions
between the material and body tissues. Analyzing cell attachment and
viability on surfaces is currently regarded as an essential indicator of
biocompatibility.1,2,3 This cell/substrate interaction is affected by
different features of the biomaterial's surface, including roughness,
wettability, released species type, and ion release rate.4,5,6,7,8,9 Among
them, it is known that the ion release rate can be directly related to
corrosion rate, especially uniform corrosion instead of localized
types.10,11 Thus, electrochemical corrosion measurements like
impedance spectroscopy (EIS) and potentiodynamic polarization,
measuring uniform corrosion rate, can be used to qualitatively
estimate and compare cell viability.10,11,12
With regard to biodegradable metallic biomaterials like
magnesium-based alloys, corrosion products fundamentally are
advantageous to biological processes, since released ions are essential
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species for the body and help healing mechanisms.13,14,15 However, for
the conventionally used metallic biomaterials designed to be biostable,
including stainless steels (AISI 316L), corrosion is deleterious to the
body. This is due to the fact that these alloys are composed of some
elements that are harmful to the body, especially at high ion release
rates.16 For example, nickel is known to cause allergic reactions on the
skin. To resolve this issue, nickel-free stainless steels are being
developed.16,17,18,19,20 Note that the corrosion produces of other
constitutes can be still disadvantageous when releasing at high levels,
for example chromium.
In ASTM standards, two nickel-free medical-grade stainless
steels have been introduced: ASTM ID: F2229 and ASTM ID: F2581.
Recently, the structure and some properties of powder metallurgy
(mechanical alloying and liquid-phase sintering) samples with the
latter standard composition were investigated.21,22,23 Typically, it was
found that a higher resistance to uniform corrosion, estimated from
EIS experiments, dictates a more cell viability on the surfaces, albeit
when liquid-phase sintering was completely activated.10 Nevertheless,
the question is whether this conclusion is universal, i.e. whether
corrosion resistance is always directly related to human cell viability
for this type of alloys. This study focuses on this null hypothesis,
where this correlation for complete and incomplete liquid-phase
sintering of a medical-grade nickel-free stainless steel was checked.

2. Experimental procedure
Nickel-free stainless steel powders with the chemical
composition of ASTM ID: F2581 (Fe–17Cr–10Mn–3Mo–0.4Si–0.5N–
0.2C) were first prepared by mechanical alloying, then mixed with
3 wt.% of pre-alloyed Mn–11.5Si powders as a liquid-phase sintering
agent, and finally sintered at 1050 °C for 30 and 60 min. The
elemental chemicals were supplied by Merck, Munchen, Germany. This
sintering temperature was selected since the melting point of the
eutectic additive is 1040 °C.21 A scanning electron microscope (SEM,
Hitachi S-4800) and transmission electron microscope (TEM, FEITecnai G2F30) equipped with energy dispersive X-ray spectroscopy
(EDX) were used to characterize the resultant microstructure after
sintering.
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Electrochemical impedance spectroscopic (EIS) experiments
were performed on the samples in the simulated body fluid (SBF)24 at
37 °C under the naturally aerated condition, after 48 h of immersion in
the SBF to get a steady-state condition, over ten frequency decades
from 5 kHz to 10 mHz with an excitation potential amplitude of 10 mV
at the open circuit potential. Also, the sample surfaces after 15 days of
immersion in the SBF were studies by SEM. Three replicates were
performed for the corrosion tests.
For the assessment of cell viability, the polished stainless steel
samples were sterilized by autoclaving at 134 °C for 20 min.
Afterwards, a concentrated (500,000 cells/mL) adult human
mesenchymal stem cell (hMSC) suspension was seeded onto the tissue
culture plastic (TCP) surface (as the standard) and each sample. After
one day, the sample surfaces were fixed in 3.7% formaldehyde for
30 min at room temperature, dried by ethanol, and observed by SEM.
On the other hand, the samples were washed in MSCGM and
cytoplasmic CFDA-SE stained was extracted from live cells by freezing
and thawing. The CFDA-SE content was then assessed by fluorescence
intensity in a spectrofluorometer. Quadruplicate samples were used for
each condition. Other details on the cell culture and viability testing
are available in Ref.10

3. Results and discussion
Fig. 1 shows the SEM micrograph of the samples sintered at
1050 °C for 30 and 60 min, where a better densification can be seen
for the longer sintering time. The TEM micrographs and EDS spectrum
taken of the sample sintered at 1050 °C for 30 min are presented in
Fig. 2. According to Fig. 2a, a number of dark islands with different
sizes are observed in the bright matrix. Also, the high-magnification
TEM micrograph of one of these nanosized islands (Fig. 2b) indicates
that there is a compact interface between the matrix and island
without any gap. Fig. 2c shows the EDS spectrum of one of the dark
regions, suggesting that they are Mn–Si-rich (additive) zones.
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Fig. 1. SEM micrograph of the samples sintered at 1050 °C for 30 (a) and 60 (b) min.
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Fig. 2. TEM micrograph (a) of the sample sintered for 30 min, high-magnification TEM
micrograph (b) and EDS spectrum (c) of a nanometric dark island in (a).

It can be inferred from these TEM analyses that liquation of the
additive has occurred, realized from the interface feature; however,
there has not been an enough duration for its complete penetration as
they can be still observed as the islands, albeit in ultrafine and
nanometric sizes. In other words, as clear in the Mn–Si phase diagram,
the additive has to be melted at temperatures beyond 1040 °C. This
sample, as noted in the experimental section, experienced the
sintering temperature of 1050 °C; thus, the additive liquation and then
wetting of stainless steel particles were logically anticipated. However,
the complete penetration of the additive into main particle contacts
and pore zones via capillary forces kinetically demands a duration at
this temperature, which was not satisfied by a sintering time of
30 min, as confirmed by the presence of the island in the micrographs.
In contrast, sintering at 1050 °C for 60 min is enough for the complete
penetration and obtaining a single-phase structure, as confirmed by
TEM and SEM studies elsewhere.21,25
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Cell attachment can be well explained by EIS rather than
polarization, where these two electrochemical techniques were
compared in.10 The Bode and Nyquist impedance plots of the samples
after immersion in the SBF for 48 h are indicated in Fig. 3. It can be
seen that the two samples represent a similar impedance behavior
referring to passive systems, according to the Bode and Nyquist plots.
According to these curves, the impedance values over the whole
frequency range and thereby corrosion resistance for the sintering
time of 60 min is higher than those of the 30 min sample. That is, the
whole ion release rate of the 30 min sample, including the additive and
matrix materials, is higher than that of the 60 min sample. Fig. 4
depicts the SEM micrographs of the sintered sample after 15 days of
immersion in the SBF. In the lower magnification image of the 30 min
sample (Fig. 4a), some holes can be observed on the surface. A
precise consideration to one of the holes (Fig. 4b) suggests that the
holes have been created in the gaps of the main powder particles, as
can be inferred from grain/particle boundaries at the bottom of the
hole and those perpendicular to the circumference of the hole on the
surface (shown by arrows). These places had been occupied by the
additive particles before corrosion attack. That is, it can be inferred
that the Mn–Si additive zones have experienced corrosion damage
more considerably and have left holes due to corrosion attack. On the
other hand, according to Fig. 4c, the 60 min sample does not show
this type of corrosion attack features on its surface, because the
additive materials have been completely penetrated into the structure
during sintering with the enough duration.
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Fig. 3. EIS results of the sample sintered for the different durations: Bode impedance
(a), Bode phase angle (b), and (c) Nyquist plots.
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Fig. 4. SEM micrographs of the 30 min sample (a and b) and the 60 min sample (c),
after 15 days of immersion in the SBF.
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The observed electrochemical behavior can be logically justified
by the microscopic studies conducted. As noted above (Fig. 2), in the
sample sintered for 30 min, there are some Mn–Si-rich zones. As
manganese is not a typical active–passive metal, in contrast to the
stainless steel matrix containing chromium,26 the islands essentially
present low corrosion resistance. Indeed, islands act as
micro/nanoanodes and are more rapidly corroded, while the stainless
steel matrix – which is electrically connected to the anodic areas – acts
as a microcathode (cathodic protection), because of their different
electrochemical potential. It should be also considered that the islands
embrace a small area of the surface compared to the matrix,
suggesting the area effect or the ratio of the cathodic to anodic area.
The greater the ratio of the cathodic to anodic area, the greater the
current density at the anodic area and thereby the greater the
corrosion rate.26 In summary, in the case of the 30 min sample, the
ion release rate from the stainless steel matrix containing some
harmful elements for the body is lower compared with the 60 min
sample, due to cathodic protection by the Mn–Si-rich zones. In return,
this sample presents a higher release rate of manganese ions, which is
not essentially harmful for the body as the islands were not covered by
a passive film mainly created by chromium.
Using pre-staining of the cells with CFDA-SE, the viability of
hMSCs on the samples was assessed after one day. The cell viability
percents are 99 and 97% relative to TCP for the 30 min and 60 min
samples, respectively (experimental error ˂ 1%), which is fairly
considerable and comparable to TCP, i.e. they are not toxic to the cells
during the chosen culture period. Nevertheless, the cell viability on the
30 min sample is a little more than the other stainless steel sample.
These results are also verified by the SEM micrographs taken from
cells fixed on the samples, where the cells present a desirable
distribution on both of the surfaces in the low-magnification ones (Fig.
5a and b). The SEM micrographs of one cell on the surfaces are also
presented in Fig. 5c and d, showing a well-spread feature on both of
the surfaces with numerous lamellipodia and filopodia. A comparative
consideration to the micrographs, however, suggests that the cell
feature on the sample sintered for 30 min is a little more desirable, as
confirmed by the quantitative results.
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Fig. 5. SEM micrograph of cells fixed on the 30 min (a and c) and 60 min (b and d)
samples in different magnifications.

According to the study of the cell viability, the cell attachment
on both of the sample was desirable, suggesting the good
biocompatibility of the samples due to their composition and good
corrosion resistance. The minor difference observed can be speculated
by the conclusion drawn from the EIS analysis. The main element in
the composition which can be detrimental to the cells is chromium.17
As noted above, the ion release rate of the stainless steel matrix for
the 30 min sample is lower, due to cathodic protection by the
unpenetrated additive. In contrast, when the additive is completely
dissolved in the stainless steel matrix (for example after 60 min of
sintering), the cathodic protection does not occur as the material
becomes single-phase and no sacrificial phase is available. Apart from
this contribution, as noted in the experimental section, the stainless
steel powders were synthesized by mechanical alloying, a process that
induces nanocrystallization and amorphization.27,28,29,30,31,32 During
sintering, the shorter duration of the 30 min sample results in lower
grain/crystal growth; and the smaller the grain/crystallite size the
higher the corrosion rate and ion release rate.33 albeit from the
stainless steel matrix. On the other hand, the release of manganese
ions from this sample can be even beneficial to the cells. Thus, it can
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be concluded that the presence of an amount of the unpenetrated Mn–
Si additive in the structure of the stainless steel, while decreasing the
corrosion resistance, can improve the cell viability and thereby
biocompatibility.

4. Conclusions
The structure, in vitro electrochemical corrosion, and stem cell
viability of two stainless steel samples both liquid-phase sintered at
1050 °C but in different durations (30 min and 60 min) were studied.
According to the TEM studies, there were some unmelted Mn–Si
sintering aid islands, from a few nano- to micro-meter in size, in the
30 min sintered samples in contrast to the 60 min one. The EIS
studies showed that the 60 min sintered sample is more resistant to
corrosion due to its uniform structure. The study of the hMSC
attachment and viability on the surfaces indicated that both of the
samples were relatively similar and desirable substrates for the cells;
however, the 30 min sintered sample showed a better behavior to
some extent. Eventually, it is concluded that cell viability is not always
directly related to corrosion resistance in stainless steels. Indeed, the
introduction of biodegradable and biocompatible phases to biostable
alloys can be advantageous to human cell responses, as a result of the
cathodic corrosion protection of the matrix.
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